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SUMMARY 


The  results  of  further  study  and  evaluation  of  a  new  design 
concept  for  helicopter  tail  rotors  are  reported  herein.  The 
original  development  and  evaluation  was  previously  reported 
in  Reference  1.  The  evaluation  was  conducted  by  means  of  a 
whirl  test  which  included  separate  runs  at  full  pitch  (19°), 
overspeed  to  110%  rpm,  and  simulated  forward  flight  to  105 
knots.  The  dynamics  of  this  rotor  mounted  on  an  Army  heli¬ 
copter  and  the  techniques  for  automating  its  production  were 
subjects  of  separate  study  phases  of  this  program. 

In  the  course  of  this  and  the  previous  program,  sufficient 
developmental  work  has  been  accomplished  to  demonstrate  not 
only  that  the  basic  concept  is  feasible  but  that  the  rotor 
built  in  this  program  is  capable  of  surpassing  many  of  the 
more  rigorous  substantiation  requirements  of  operational  hel¬ 
icopter  rotors.  Also,  techniques  are  available  for  the  vol¬ 
ume  production  of  such  a  rotor  to  high-quality  standards  at 
low  cost. 
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INTRODUCTION 


This  report  presents  the  results  of  further  study  and  eval¬ 
uation  of  the  directed  glass  fiber  reinforced  plastic  tail 
rotor,  the  original  development  of  which  was  reported  in 
Reference  1.  The  program  reported  herein  consisted  of  sup- 
plementtal  whirl  tests,  further  dynasic  analysis,  and  a  study 
of  fabrication  techniques  applicable  to  volume  production  of 
consistent  high  quality. 

Whirl  testing  Included  separate  runs  with  full  pitch,  over¬ 
speed,  and  simulated  forward  flight  with  sufficient  instrumen¬ 
tation  to  determine  critical  loadings  for  all  test  conditions. 
The  recorded  loadings  are  presented  together  with  an  evaluation 
of  their  significance. 

In  the  dynamic  analysis,  the  application  of  a  rotor  of  this 
type  to  a  flight  vehicle  was  investigated.  The  analysis  was 
particularly  concerned  with  tne  more  unique  characteristics 
of  the  rotor  and  the  effect  that  these  might  have  in  a  prac¬ 
tical  aircraft  application.  The  study  of  fabrication  tech¬ 
niques  was  aimed  at  the  development  of  a  process  that  would 
yield  a  high  level  of  production  automation  so  that  uniformly 
high  quality  could  be  maintained  at  minimum  cost  per  unit. 

The  results  of  all  of  the  above  effort  are  presented  in  this 
report,  as  are  recommendations  for  the  further  development 
and  evaluation  of  this  new  concept  in  helicopter  rotors. 
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WHIRL  TEST 


An  important  part  of  the  further  evaluation  of  the  directed 
glass  fiber  tail  rotor  involved  supplemental  whirl  testing  of 
the  prototype  rotor  at  the  contractor's  whirl  test  facility. 
Thin  facility,  in  addition  to  having  the  capability  of  turn¬ 
ing  the  rotor  at  the  desired  rotational  speed  and  the  ability 
to  change  the  blade  pitch  setting,  can  simulate  forward  flight 
operation  as  well.  This  is  accomplished  by  the  juxtaposition 
of  an  open-eud  wind  tunnel  such  that  the  tunnel  exhaust  pass¬ 
es  over  the  tail  rotor  disc  in  an  edgewise  direction,  thus 
simulating  forward  flight  airflow.  The  general  arrangement 
of  the  tail  rotor  whirl  test  facility  is  shown  in  Figure  1. 

Testing  in  this  program, which  included  separate  runs  at  full 
pitch  (19°),  overspeed  (110%),  and  simulated  forward  flight 
to  105  knots,  was  accomplished  in  approximately  10  hours  of 
operation.  This  testing  made  use  of  the  prototype  rotor  which 
had  previously  been  whirled  for  25  hours  as  reported  in  Refer¬ 
ence  1.  This  rotor  has  therefore  completed  a  rather  extensive 
series  of  tests  which  provide  ample  demonstration  that  the 
concept  is  indeed  practical  and  has  good  potential  for  broad 
application.  In  the  course  of  the  prior  endurance  whirling, 
minor  problems  with  the  blade  construction  were  uncovered, 
and  modifications  were  incorporated  to  correct  these  before 
initiation  of  the  supplemental  testing.  A  description  of 
these  changes  and  the  whirl  test  results  follows. 


ROTOR  MODIFICATION 

In  the  course  of  the  25-hour  endurance  whirl  test  of  this  ro¬ 
tor,  certain  minor  quality  problems  became  evident,  as  report¬ 
ed  in  Reference  1.  The  more  significant  of  these  was  the  ap¬ 
pearance  of  an  incipient  bond  void  at  the  aft  edge  of  the 
leading  edge  ballast  weight.  A  secondary  problem  was  tip  cap 
delamination.  Consequently,  modifications  of  the  rotor  were 
undertaken  to  eliminate  these  difficulties.  Figure  2  depicts 
the  rotor  assembly  and  indicates  blade  components  and  radial 
stations  of  note. 

Removal  of  the  leading  edge  consisted  of  disecting  the  wrap. 

A  spanwise  cut  was  made  directly  behind  the  leading  edge 
weight  from  Station  14.75  to  the  outboard  end  of  the  blade. 

A  chordwise  cut  was  made  at  Station  14.75,  freeing  the  ballast 
weight  from  the  blade.  The  remaining  leading  edge  wrap  was 
carefully  removed  by  hand-peeling  2-inch-square  sections  from 
the  blade.  Extreme  care  was  excercised  to  minimize  damage  to 
the  glass  fiber  epoxy  skin  laminate  covering  the  honeycomb  core. 
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Figure  1.  General  Arrangement  of  Tail 
Rotor  Whirl  Test  Facility. 
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The  adhesive  layer  between  the  leading  edge  cap  and  the  fiber¬ 
glass  blade  skin  was  carefully  removed  by  hand  sanding  with 
#320  grit  paper. 

To  improve  the  leading  edge  structurally,  crossplied  (±  45°) 
unidirectional  glass  fiber  (epoxy  pre-preg)  was  substituted 
for  a  glass  fiber  fabric  in  an  epoxy  wet  lay-up.  The  ballast 
weight  was  hot-bonded  to  the  leading  edge  cap  using  a  modified 
poly amide- epoxy  adhesive, replacing  a  room-temperature-curing 
two-part  epoxy  adhesive. 

The  leading  edge  cap  was  fabricated  of  the  following  materials: 

Unidirectional  glass  fiber  Pre-Preg  (Epoxy) 

#120  Glass  Fabric  Woven  Pre-Preg  (Epoxy) 

FM-1000  Adhesive  (Poly amide- Epoxy) 

The  leading  edge  cap  and  weight  assembly  was  laid  up  on  a  male 
mandrel,  which  conformed  to  blade  contour,  and  was  fabricated 
of  a  high-temperature  epoxy  tooling  resin.  The  lay-up  con¬ 
sisted  of  10  plies  of  alternately  orientated  #1002  material 
45°  to  the  chordwise  direction  covered  by  one-ply  #120  glass 
pre-preg  material. 

Prior  to  assembly  of  the  leading  edge,  the  ballast  weights  re¬ 
moved  from  the  blades  were  stripped  of  all  adhesive  and  were 
degreased,  vapor  blasted,  Alkaline  cleaned,  water  rinsed,  air 
dried,  and  primed  with  BR-1009-49  Primer.  The  primed  weights 
were  wrapped  in  a  ply  of  FM-1000  adhesive,  which  was  heat- 
tacked  in  place. 

Buildup  of  the  cap  consisted  of  positioning  a  peel  ply  and 
then  two  unidirectional  plies  on  the  mandrel.  The  ballast 
weight  assembly  was  positioned  on  the  buildup  and  heat-tacked 
in  place.  The  remaining  unidirectional  plies  of  stepped 
widths  were  positioned  on  the  buildup  external  to  the  weight 
and  covered  by  one  layer  of  #120  pre-preg,  which  completed  the 
leading  edge  assembly.  The  laminate  and  the  mold  assembly 
were  vacuum-bagged  and  autoclave-cured  at  320°-330°F  for  90 
minutes  at  50  psi,  maintaining  full  vacuum  throughout  the  cure. 
On  completion  of  the  cure,  the  assembly  was  cleaned  up, 
trimmed,  and  fitted  to  the  rotor  blade  assembly. 

The  leading  edge  assembly  was  bonded  to  the  blade  using  a  room- 
temperature-curing  two-part  epoxy  adhesive.  The  peel  ply  was 
removed  from  the  faying  surfaces  of  the  leading  edges,  and  the 
faying  surfaces  of  the  blades  were  wiped  with  solvent  prior  to 
bonding.  A  uniform  coat  of  adhesive  was  applied  to  all  faying 
surfaces.  The  leading  edge  was  positioned  on  the  blade  and 


r 


BLANK  PAGE 

("*■ 


| 


TIP  CAP- 


MAIN  SpAR  BASIC  SFt-TIfHI 
PLY  LAYUP  SEQUENCE 

t^LY  NUMBER  FILAMENT  ORIENTATION 

•*  C HOKOv. ISE  DIRECTION 

2  THROUGH  II  SPANWISE  DIRECTION 

>2  CHOHDWISE  DIRECTION 

13  AND  IA  SPANWISE  DIRECTION 

*  PLY  NUMBER  ONE  IS  THE  INNERMOST  PLY 
AMD  IS  POSITIONED  FIRST  ON  THE 
INTERNAL  PRESSURE  BAG/MANDREL  IN  TmF 
SPAR  l  AY  UP  SEQUENCE.  OTHER  PLIES  ARE 
ADDED  IN  NUMERICAL  ORDER 


•TH AILING  EUbE^l 
SPLINE  |  COMrulSlNG 

INNER  SKIN  VONE  Al.xl-OIL 
I  SHELL 


Figure  2.  Directed  Glass  Fiber  Reinforced 
Plastic  Tail  Rotor  Assembly. 
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held  In  place.  A  vacuum  of  20-22  Inches  of  Hg.  was  main¬ 
tained  during  cure.  On  couplet  ion  of  cure,  excess  adhesive 
was  removed  from  the  blade,  and  the  edges  of  the  cap  were 
blended  to  blade  contour. 

The  exposed  inboard  portion  of  the  leading  edge  weight  was 
cleaned  and  primed  with  EC-1682  primer  prior  to  splicing.  A 
machined  half  tube  was  fitted  and  bonded  to  the  ballast  weight 
halves,  with  the  center  of  the  splice  located  at  Station 
14.75.  On  completion  of  cure,  excess  adhesive  was  removed 
from  the  edges  of  the  splice,  and  it  was  blended  to  blade 
contour . 

Ten  glass-fabric  doubler  plies  laminated  with  an  epoxy  lamin¬ 
ating  resin  were  positioned  on  the  blade  assembly  so  as  to 
overlap  the  old  and  new  leading  edges.  On  completion  of  the 
buildup,  the  doublers  were  vacuum  bagged  and  squeegeed  to 
blade  contour.  A  vacuum  of  20-22  inches  Hg.  was  maintained 
on  the  buildup  during  cure  of  the  laminate.  On  completion  of 
cure,  the  inboard  doubler  buildup  was  blended  to  blade  con¬ 
tour,  thus  completing  leading  edge  modification. 

Preliminary  balance  of  the  rotor  was  conducted,  and  excellent 
balance  was  achieved  prior  to  tip  cap  installation.  Final 
tip  cap  installation  consisted  of  two  layers  of  #120  glass 
fabric  with  epoxy  resin  wet  lay-up  in  place.  Recheck  of  bal¬ 
ance  revealed  that  it  was  still  within  limits. 

SIMULATED  FORWARD  FLIGHT 

In  the  development  cycle  of  a  new  rotor,  one  of  the  Important 
questions  determining  the  acceptability  of  the  design  involves 
the  magnitude  of  the  vibratory  loads  experienced  in  forward 
flight  and  the  ability  of  the  blade  structure  to  withstand 
these  loads.  While  the  means  are  available  for  their  calcu¬ 
lation,  the  results  of  such  calculations  for  a  highly  flexi¬ 
ble  rotor  of  the  type  under  consideration  cannot  be  viewed 
with  high  confidence  in  their  accuracy.  It  was  therefore  con¬ 
sidered  desirable  to  determine  the  vibratory  loadings  directly 
by  measurement  on  the  tail  rotor  whirl  test  facility.  An 
overall  view  of  this  apparatus  is  shown  in  Figure  1.  The 
structure  on  the  left  houses  a  200-horsepower  electric  motor, 
which  powers  the  rotor  and  also  contains  actuators  for  the 
control  of  blade  pitch.  The  structure  on  the  right  is  an 
open-end  wind  tunnel,  which  contains  a  1380-horsepower  piston 
engine  and  a  three-bladed  propeller.  This  system  is  used  to 
generate  a  stream  of  air  which  completely  submerges  the  tail 
rotor  in  an  edgewise  flow,  thus  simulating  forward  flight. 
Tunnel  exhaust  velocity  is  measured  and  can  bo  controlled 
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within  a  range  of  from  30  to  105  knots.  It  is  therefore  pos¬ 
sible  to  gain  valuable  information  as  to  the  flight  charac¬ 
teristics  of  a  new  tail  rotor  under  controlled  conditions  at 
a  minimum  of  risk  and  expense. 

The  tail  rotor  was  instrumented  with  strain  gages  for  the  pur¬ 
pose  of  recording  blade  load  distribution  and  pitch  link  load. 
Since  blade  vibratory  bending  was  of  primary  interest,  the 
gages  were  installed,  connected  in  bridges  and  calibrated  so 
that  bending  moments  would  be  recorded  directly  in  terms  of 
inch-pounds  of  vibratory  moment.  For  flatwise  (out-of-plane) 
bending,  Stations  3.25,  18.75,  21.75,  and  27.0  were  instru¬ 
mented;  for  edgewise  (in-plane)  bending,  Stations  1.75,  18.75, 
21.75,  and  27.0  were  instrumented.  It  was  considered  that 
this  would  give  adequate  definition  to  blade  vibratory  bend¬ 
ing  distribution  and  would  bracket  the  primary  areas  of  inter¬ 
est.  The  pitch  links  were  instrumented  and  calibrated  in  such 
a  way  as  to  measure  axial  loads  directly  in  pounds  force. 
Instrumentation  and  strain  gages  are  noted  on  Figure  2. 

Since  this  rotor  had  previously  been  whirled  without  the  wind 
tunnel  on  the  same  rig,  no  special  preparations  prior  to  in¬ 
stallation  were  necessary.  Initial  l unup  revealed  some  vibra¬ 
tion  attributable  to  rig  assembly  problems.  These  problems 
were  isolated  and  corrected,  and  the  rotor  was  run  to  full 
speed.  Loads  were  recorded  at  0,  3,  6,  and  9  degrees  of  blade 
pitch  in  a  zero  wind  condition.  The  open-end  wind  tunnel  was 
then  started,  and  loads  were  recorded  at  0,  3,  and  6  degrees 
of  blade  pitch  for  simulated  forward  flight  speeds  of  30,  50, 
70,  90,  and  105  knots.  Because  of  a  limitation  in  the  capac¬ 
ity  of  the  slip  ring,  the  entire  series  of  runs  was  repeated 
with  a  change  in  hookup,  which  was  necessary  to  obtain  data 
from  all  gages. 

The  vibratory  loads  recorded  during  simulated  forward  flight 
operation  are  presented  in  Table  I.  The  generally  low  level 
of  the  moments  is  attributable  to  the  low  bending  stiffness 
of  this  design.  A  gradual  progression  of  the  bending  moments 
with  velocity  and  with  blade  pitch  is  evidenced,  with  no  rapid 
digressions  or  resonances  indicated.  The  rotor  operated  smooth¬ 
ly  throughout  the  entire  forward- flight  simulation. 

To  evaluate  the  magnitude  of  these  loads,  it  is  necessary  to 
compare  them  to  the  strength  of  the  rotor.  This  can  be  done 
with  the  aid  of  the  fatigue  tests  that  were  conducted  in  an 
earlier  phase  of  the  program  and  reported  in  Reference  1. 

That  reference  shows  the  results  of  three  spar  fatigue  tests 
at  ±  8900  psi.  The  failure  that  occurred  after  1.09  million 
cycles  at  this  level  was  correlated  to  processing  deficiencies 
which  were  eliminated.  Two  subsequent  specimens  survived  5.0 
million  cycles  of  stress  at  this  same  level  without  any  signs 
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TABLE  I 

ROTOR  LOADS  DURING  SIMULATED  FORWARD  FLIGHT 
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of  failure  or  deterioration,  and  tests  were  terminated  at 
that  point.  It  is  therefore  considered  that  ±  8900  psi  is  a 
level  that  can  be  successfully  survived  by  spars  of  the  pres¬ 
ent  design  and  that  the  failure  level  is  higher  than  this.  In 
the  absence  of  further  fatigue  test  data,  the  demonstrated  run¬ 
out  level  will  be  used  as  a  base,  and  the  allowable  operating 
stress  level  will  be  determined  by  reducing  the  S-N  curve  to 
account  for  variability  in  strength.  Since  spars  made  by  the 
techniques  developed  in  this  program  are  expected  to  have  uni¬ 
formity  comparable  to  that  of  contemporary  metal  spars,  a  typ¬ 
ical  25%  reduction  will  be  used.  The  resulting  allowable  fa¬ 
tigue  limit  is  ±  6670  psi.  With  this  allowable  stress  and 
the  known  spar  section  properties,  the  allowable  fatigue  mom¬ 
ents  are  determined  to  be  ±  583  in. -lb  edgewise  and  ±  303  in.- 
lb  flatwise  when  each  occurs  independently.  Comparing  mea¬ 
sured  loads  to  these  allowable  moments  reveals  that  ample  mar¬ 
gin  exists  for  all  forward-flight  speeds.  A  combination  of 
stresses  from  flatwise  and  edgewise  moments  will  reduce  the 
margin  slightly;  however,  section  contour  and  load  phasing 
minimize  this  effect.  Out-board  blade  sections  where  the  air¬ 
foil  shell  structure  is  fully  effective  have  substantially 
higher  bending  strength  and  therefore  will  also  operate  well 
below  the  fatigue  limit.  The  net  result  of  this  situation  is 
that  no  fatigue  damage  will  be  accrued  in  any  steady,  level, 
forward- flight  condition;  therefore,  the  fatigue  life  of  the 
rotor  will  be  very  high.  The  only  flight  conditions  which 
could  contribute  fatigue  damage  are  the  dynamic  maneuvers, 
which  by  nature  are  infrequent  and  of  short  duration. 

The  fatigue  damage  accumulated  per  flight  hour  by  such  maneu¬ 
vers  is  extremely  low;  hence,  it  is  concluded  that  fatigue 
life  of  the  rotor  will  be  very  high.  Table  I  also  presents 
peak  measured  pitch  link  loads  recorded  during  simulated  for¬ 
ward-flight  operation.  These  loads  are  within  the  operational 
spectrum  of  the  UH-1D  aircraft  and  present  no  structural  prob¬ 
lem.  Pitch  link  loads  could  be  reduced  by  the  incorporation 
of  centrifugal  counterweights  if  such  reduction  is  desirable. 

WHIRL  TEST  WITH  FULL  PITCH 


Table  II  presents  loads  recorded  during  operation  at  blade 
pitch  angles  from  zero  to  full  pitch  (19°) .  Loads  recorded 
included  two  flatwise  and  two  edgewise  bending  stations  as 
well  as  pitch  link  loads. 

Data  were  taken  at  essentially  constant  rpm  with  no  wind;  how¬ 
ever,  because  of  power  limitations  of  the  test  rig,  it  was  not 
possible  to  attain  the  higher  pitch  settings  at  full  rpm.  The 
final  two  increments  of  blade  pitch  were  reached  by  starting 
from  a  slight  overspeed  at  lower  pitch  settings.  The  pitch 
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TABLE  1 1 

ROTOR  LOADS  FOR  PITCH  SETTINGS  UP  TO  MAX  T  MUM,  19° 


Bending  Moments, 

_ Inch- pounds _  Pitch 

Blade  Wind  Flatwise  Edgewise  Link 

Pitch,  Veloc,  Station  Station  Load, 

degs  RPM  kn _ 18.75  27.0  18.75  21.75  lb 
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TABLE  III 

ROTOR  LOADS  FOR  OVERSPEED 

CONDITION 

Blade 

Pitch, 

degs 

RPM 

Wind 

Veloc, 

kn 

Bending  Moments, 
Inch-pounds 

Pitch 

Link 

Load, 

lb 

Flatwise 
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3.25  21.75 
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change  mechanism  was  then  actuated  at  the  maximum  rate  to 
achieve  the  higher  pitch  increments  before  the  rpm  decayed 
below  operational  levels.  The  full  19°  pitch  was  reached 
while  the  rotor  was  still  in  the  operational  range  and  only 
2%  below  maximum  operating  rpm. 

Review  of  the  loads  recorded  shows  very  little  increase  of  vi¬ 
bratory  blade  bending  with  increased  pitch.  The  last  two  in¬ 
crements  that  were  recorded  for  a  quasi-steady  state  condition 
do  not  depart  significantly  from  the  trend  of  the  other  data. 
All  vibratory  bending  moments  were  well  below  those  encount¬ 
ered  in  the  simulated  forward-flight  operation  and  therefore 
will  have  no  influence  on  rotor  fatigue  life.  Pitch  link  load 
approximates  a  linear  function  of  pitch  angle,  since  it  is  de¬ 
rived  primarily  from  centrifugal  pitching  moment  and  the  elas¬ 
tic  properties  of  the  pitch-spring  section  of  the  rotor.  While 
the  loads  shown  are  not  unduly  high,  it  should  be  noted  that 
their  magnitude  could  be  substantially  reduced  by  the  incor¬ 
poration  of  centrifugal  counterweights.  Such  weights  are  com¬ 
monly  used,  and  while  they  do  increase  total  rotor  weight,  they 
do  not  contribute  to  complexity  nor  do  they  introduce  adverse 
maintenance  or  reliability  considerations. 

OVERSPEED  WHIRL  TEST 

As  part  of  the  development  and  substantiation  of  any  new  rotor, 
an  overspeed  whirl  test  is  usually  conducted  as  a  partial  dem¬ 
onstration  of  structural  integrity  and  of  the  presence  of  some 
margin  in  centrifugal  force  capacity  of  the  design.  The  pres¬ 
ent  rotor  was  designed  to  the  criteria  of  the  UH-1  helicopter 
and  therefore  must  be  able  to  withstand  a  10%  overspeed.  The 
maximum  normal  operating  speed  for  this  rotor  is  1732  rpm,  and 
the  110%  speed  is  therefore  1905  rpm.  To  attain  this  speed  on 
the  whirl  test  rig,  a  step-up  belt  and  pulley  system  is  intro¬ 
duced  in  the  rotor  drive  train.  Initial  operation  of  the  rotor 
at  speeds  above  the  normal  operating  speed  produced  vibrations 
which  limited  attainable  speed.  The  retightening  of  all  joints 
and  the  incorporation  of  some  supplemental  rig  stiffening  elim¬ 
inated  the  problem,  and  the  rotor  was  subsequently  run  to  the 
overspeed  condition  without  incident. 

The  maximum  rpm  sustained  was  1914,  and  the  loads  recorded  for 
various  speeds  up  to  this  level  are  listed  in  Table  III,  Here 
again,  a  modest  trend  of  blade  loads  with  increasing  rpm  is 
noted,  with  the  general  levels  being  quite  low.  This  is  as  ex¬ 
pected  for  a  flat-pitch,  no-wind  condition.  It  is  also  seen 
that  pitch  link  load  remained  essentially  constant  at  a  very 
low  value  for  this  entire  series  of  runs.  As  a  result  of  this 
test,  a  centrifugal  force  capacity  more  than  21%  greater  than 
that  required  for  normal  operation  has  been  demonstrated  for 
this  rotor. 
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STUDY  OF  AUTOMATION  TECHNIQUES 


The  rotor  that  was  successfully  designed  and  tested  in  this 
program  was  fabricated  by  techniques  which  are  described  in 
detail  in  Reference  1.  To  a  large  extent,  these  techniques 
involved  manual  effort,  with  the  aid  of  a  limited  amount  of 
tooling,  and  required  the  development  of  an  intermediate  level 
of  skill.  It  was  recognized  early  in  the  program  that  the 
quality  of  the  end  product  could  be  influenced  to  a  signifi¬ 
cant  degree  by  various  manual  steps  in  the  fabrication  process. 
To  this  end,  a  number  of  spar  samples  were  invested  in  the  dev¬ 
elopment  of  a  learning  curve,  with  the  result  that  successive 
spars  did  in  fact  exhibit  improved  quality  and  uniformity,  as 
revealed  *>y  X-ray  inspection  and  test  results.  Despite  the 
demonstrated  ability  to  produce  an  acceptable  product  by  these 
methods,  the  problems  of  assuring  a  constant  high  level  of 
quality  in  series  production  dictated  the  need  for  a  study  of 
fabrication  techniques  that  could  be  automated.  The  intent  of 
such  techniques  would  be  to  minimize  the  manual  skill  required 
and  to  make  the  final  product  subject  to  machine  element  vari¬ 
ability  only. 

Recent  Government-sponsored  programs  in. the  area  of  advanced 
composite  materials  have  encountered  the  same  basic  drawback 
in  state-of-the-art  fabrication  techniques  and,  as  a  result, 
have  been  required  to  pursue  the  same  goals  stated  above.  A 
review  of  published  results  from  these  efforts  was  conducted 
in  the  hope  that  some  of  the  techniques  developed  would  be  ap¬ 
plicable  to  the  fiberglass  tail  rotor  under  discussion.  Some 
of  the  more  pertinent  and  interesting  of  these  techniques  are 
described  in  References  2,  3,  and  4.  Each  of  these  utilizes  a 
mechanized  transport  system  for  positioning  and  applying  tapes 
or  filaments  of  the  desired  material.  Most  provide  for  auto¬ 
matic  cutoff  at  the  proper  length  and  angle  by  a  tape  con¬ 
trolled  or  programmed  actuation  of  shears  or  cutoff  blocks. 
These  systems  are  designed  and  developed  for  specific  applica¬ 
tion  to  flat  panels  or  panels  of  slight,  single  curvature  such 
as  airfoil  surfaces  for  fixed-wing  aircraft.  The  extrapola¬ 
tion  of  systems  of  this  type  to  compound  curvature  and  sharper 
radii  is  currently  under  investigation  but  has  not  as  yet  pro¬ 
duced  results  that  are  entirely  satisfactory.  Discussions  with 
the  material  suppliers  and  their  representatives  who  provide 
consulation  and  technical  services  in  the  design  and  applica¬ 
tion  of  automatic  tape-laying  heads  and  tape  transport  systems 
reveal  that  quantity  production  of  components  with  rapid  con¬ 
tour  change  and  compound  curvature  cannot  be  scheduled  until 
further  exploratory  and  developmental  work  is  completed. 
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DESIGN  CONSIDERATIONS 


One  of  the  most  significant  findings  of  the  fabrication  devel¬ 
opment  work  performed  in  this  program  has  been  the  importance 
of  tension  applied  to  individual  tapes  during  spar  fabrica¬ 
tion.  Final  spar  quality  was  found  to  depend  strongly  on  this 
feature,  and  therefore  it  was  considered  mandatory  that  some 
means  of  tensioning  plies  during  spar  layup  be  provided  in  any 
automation  technique  to  be  considered.  Another  area  that  pre¬ 
sented  some  difficulty  during  fabrication  development  was  the 
complicated  hub-transition  area.  The  basis  for  this  design 
was  a  consideration  for  retaining  the  maximum  number  of  exist¬ 
ing  components  in  the  tail  rotor  area  and  modifying  only  the 
rotor.  This  decision  has  been  reevaluated  in  the  light  of 
work  accomplished  in  this  program  and  other  basic  design  con¬ 
siderations.  With  the  aid  of  this  additional  experience,  it 
now  is  considered  prudent  to  modify  the  rotor  hub  area  in  order 
to  achieve  a  more  balanced  design.  Such  a  design  would  favor 
the  highly  loaded  spar  fibers  and  permit  a  straight  through 
path  for  the  blade  to  blade  connection.  This  change  could  be 
accommodated  by  either  modifying  the  rotor  shaft  so  that  it 
would  terminate  in  a  wide  clevis  or  by  providing  a  supplemen¬ 
tary  fitting  which  would  mount  on  the  present  shaft  and  provide 
the  clevis  connection.  The  rotor  spar  elliptical  section 
would  remain  constant,  passing  straight  through  the  clevis. 
Supplementary  material  added  to  the  outside  of  the  spar  would 
accommodate  the  necessary  attachments  for  a  trunnion,  which, 
aligned  on  a  transverse  axis  through  the  clevis,  would  provide 
the  teeter  freedom.  The  tail  rotor  pitch  control  rod,  coaxial 
with  the  rotor  shaft,  would  terminate  at  its  outboard  end  in  a 
crossbar,  each  end  of  which  would  join  to  a  pitch  link.  Each 
link  would  in  turn,  be  connected  to  a  blade  pitch  horn.  This 
design  favors  the  highly  loaded  rotor  centrifugal  force  path 
while  somewhat  complicating  the  more  lightly  loaded  rotor  shaft 
torque  and  thrust  paths.  Control  rod  geometry  would  be  basic¬ 
ally  the  present  conf iguration. 

With  this  design,  the  spar  material  would  be  provided  a  load 
path  from  blade  to  blade  with  no  digressions  and  a  minimum  of 
stress  concentration.  In  addition  to  these  design  and  struc¬ 
tural  benefits,  spar  fabrication  would  also  be  greatly  en¬ 
hanced,  and  the  opportunities  for  automation  would  be  improved. 

In  view  of  these  considerations  and  the  total  background  to 
date,  studies  were  undertaken  to  design  tools  and  to  devise 
methods  for  the  automated  production  of  the  fiberglass  tail 
rotor.  Because  of  the  singular  importance  of  the  spar  in  this 
design,  the  automation  of  its  fabrication  was  the  primary  goal 
of  the  study,  with  secondary  attention  given  to  the  airfoil 
shells  and  other  subassemblies.  The  results  of  these  studies 
follow. 
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AUTOMATION  PROCESS  OF  SPAR  FABRICATION 


The  design  of  a  production  tail  rotor  spar  of  directed  glass 
fibers  will  be  based  primarily  on  the  fabrication  methods  de¬ 
veloped  in  the  course  of  the  present  program.  The  production 
spar  will  be  a  monolithic  structure  of  directed  glass  fibers 
in  an  epoxy  matrix  with  a  constant  elliptical  hollow  cross  sec¬ 
tion  the  entire  length  of  the  spar.  The  spar  must  be  capable 
of  maintaining  high  tensile  loads  in  a  spanwise  direction  and 
have  low  torsional  stiffness.  Repeatability  and  reliability 
of  the  process  are  prime  considerations  to  ensure  minimum  var¬ 
iation  in  mechanical  properties,  fabrication  cost,  fiber  dis- 
torsion,  and  uniform  torsional  stiffness. 

A  survey  of  automated  processes  for  the  fabrication  and  cure 
of  plastic  reinforced  glass  fiber  structures  concluded  that  at 
the  present  time  and  in  the  foreseeable  future,  no  equipment 
is  available  which  is  suitable  for  fabrication  of  this  parti¬ 
cular  spar.  Standard  processing  methods  such  as  hand  lay-up 
of  pre-preg  materials,  the  spraying  of  chopped  fibers,  contact 
molding,  matched  metal  die  molding,  and  pressure  bag  molding 
are  not  suitable  because  of  the  rigid  dimensional  and  mechani¬ 
cal  requirements  of  the  dynamic  spar  structure,  requiring  the 
ultimate  mechanical  properties  of  directed  glass  fiber  epoxy 
laminate.  Based  on  the  above  requirements,  the  automated  me¬ 
thods  for  fabricating  the  spar  narrowed  down  to  the  three  fol¬ 
lowing  possibilities: 

1.  Filament  winding  of  the  spar  assembly  using  an  epoxy 
resin  impregnated  glass  roving. 

2.  Mechanized  applicator  of  pre-preg  unidirectional 
tapes. 

3.  "Pull- trus ion”  of  pre-preg  tapes. 

The  curing  process  for  the  monolithic  spar  can  be  performed 
only  in  a  heated  female  mold  by  applying  internal  pressure  to 
the  spar  during  the  cure  cycle.  This  process  assures  dimen¬ 
sional  control  and  optimum  mechanical  properties  of  the  lami¬ 
nate. 

Of  the  above  three  systems,  the  "pull- trus ion”  method  was  se¬ 
lected  for  fabrication  of  the  spar.  A  preliminary  laboratory 
evaluation  of  the  method  was  conducted;  the  fixture  for  this 
evaluation  is  illustrated  in  Figure  3.  This  device  adequately 
demonstrates  that  this  technique  leads  to  a  continuous  and 
smooth  fabrication  process  applicable  to  the  spar.  Refinement 
of  the  various  elements  of  the  tooling  would  be  necessary  for 
the  fabrication  of  full-scale  components.  Following  is  a 
breakdown  of  the  advantages  and  disadvantages  of  each  system 
considered. 
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Tensioning  Device 


for  Spar  Fabrication. 
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Filament  Winding  of  Spar  Assembly 

Advantages 

1.  The  laminate  can  be  fabricated  with  directional 
properties . 

2.  The  spar  laminate  can  be  produced  from  a  filament 
of  roving  preimpregnated  material. 

3.  Excellent  repeatability  of  mechanical  properties  is 
attainable. 

4.  Prestress  of  filament  or  roving  can  be  precisely 
maintained . 

5.  Orientation  of  fibers  is  easily  varied  on  the  ini¬ 
tial  setup,  but  the  established  pattern  can  be  ac¬ 
curately  controlled. 

6.  The  filament  winding  process  is  a  completely  mech¬ 
anized  process  for  spar  fabrication. 

Disadvantages 

1.  The  majority  of  the  directed  glass  fibers  are  paral¬ 
lel  to  the  spanwise  axis,  causing  a  considerable  re¬ 
vision  and  rework  of  a  standard  winding  machining. 

2.  The  helically  wound  glass  fibers,  wound  perpendicu¬ 
lar  to  the  spanwise  axis,  would  restrict  and  cancel 
the  effects  of  internal  spar  pressure  applied  during 
the  curing  of  the  spar  assembly. 

3.  There  would  be  the  possibility  of  excessive  resin 
buildup. 

Mechanized  Applicator  of  Pre-Preg  Unidirectional  Tape 

Advantages 

1.  The  mechanism  semiautomatically  applies  and  cuts 
tapes  on  spar  buildup.  The  unidirectional  glass 
fibers  are  epoxy  impregnated. 

2.  Excellent  reproducibility  of  properties  and  fiber 
orientation  is  attainable. 

3.  The  tapes  can  be  prestressed  to  low  levels  during 
application. 


. 

•  ? 
w 

. 


I 


\ 


17 


4.  The  tape  applicator  can  be  adapted  to  a  fully  mech¬ 
anized  lay-up  of  the  basic  spar  structure. 

Disadvantages 

1.  At  the  present  time,  only  the  tape  applicator  head 
is  available.  Considerable  development  and  fabri¬ 
cation  time  would  be  required  for  the  tape  transport 
system  prior  to  spar  fabrication  on  an  automated 
production  basis. 

2.  The  tape  applicator  head  is  designed  to  handle  one 
given  width  of  tape.  Redesign  of  the  applicator  to 
handle  the  various  widths  of  tapes,  as  required  for 
spar  fabrication  on  an  automated  basis,  is  a  possi¬ 
bility,  or  separate  tape  applicator  heads  for  the 
various  widths  of  tapes  could  be  ganged  together, 
whichever  method  results  in  greater  economy  and  a 
smoother  fabrication  process.  In  either  case,  the 
production  fabrication  of  the  spar  would  be  an  in¬ 
herently  long  process  compared  to  the  other  methods. 

3.  Overall  cost  of  this  automated  machine  using  the 
tape  applicator  would  be  the  highest  of  the  systems 
evaluated. 

"Pull-Trusion"  of  Pre-Preg  Tapes 


Definition 


Unidirectional  and  woven  pre impregnated  tapes  are  pulled 
through  forming  dies  or  rolls,  maintaining  uniform  high- 
tension  loading  on  all  tapes  through  the  heat-up,  form¬ 
ing,  and  cool-down  of  the  spar  lay-up.  The  lay-up  is 
continuous  and  is  cut  to  length  after  forming. 

Advantages 

1.  This  is  a  fully  mechanized  system;  the  machine  would 
be  designed  to  meet  spar  requirements  and  to  comply 
with  prestressing  of  tapes. 

2.  Spar  cost  and  fabrication  time  would  be  the  lowest 
of  all  methods  evaluated.  Fabrication  time  for  the 
constant  cross-section  portions  of  the  spar  has  been 
estimated  at  2  minutes  per  spar. 

3.  This  method  would  allow  for  a  continuous  in-process 
inspection  of  the  spar  buildup.  A  run-out  of  a  tape, 
a  loss  of  tension  on  a  tape,  or  a  defect  in  the  tape 
would  automatically  stop  the  machine. 
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Close  control  on  tolerances  and  mechanical  proper¬ 
ties  could  be  maintained  by  this  machine  through 
precise  pneumatic  control  of  tape  tensions,  roll 
forming  pressure,  ano  laminate  speed  through  form¬ 
ing  rolls  and  dies. 

Disadvantages 

1.  To  date,  no  machine  of  this  type  has  been  designed 
or  built  to  produce  a  laminate  as  complex  as  the 
monolithic  spar  development,  and  fabrication  cost 
may  be  as  high  as  the  programmed  tape  applicator. 

2.  Setup  time  (installation  of  glass  fiber  tapes  on 
reels  into  the  machine)  is  difficult  to  calculate; 
however,  once  the  machine  is  setup,  it  would  run 
continuously  until  the  tape  reels  are  depleted. 


Proposed  Spar  Fabrication  and  Preliminary  Tool  Design  of 
Required  Automated  Equipment 


The  monolithic  glass  fiber  spar  design  consists  of  the  follow¬ 
ing  "B"  staged  semicured  subassemblies:  spar  structure,  with 
a  constant  cross-section  dimension  that  is  elllpltlcal  and 
hollow  the  full  length  of  the  spar;  hub  and  transition  pads; 
Inboard  ribs;  and  inner  races  for  elastomeric  supports.  The 
components  would  be  assembled  and  cured  in  a  female  mold, 
forming  a  spar  structure.  The  basic  spar  ply  layup  sequence 
is  defined  on  Figure  2. 

1.  Automated  production  of  the  basic  spar  structure. 

Production  fabrication  of  the  constant  cross-section 
spar  would  proceed  using  a  pull-trusion  method. 
Basically,  this  method  consists  of  pulling  unidirec¬ 
tional  glass  fiber  tapes  (which  are  epoxy  impregna¬ 
ted  and  slit  to  exact  widths)  through  orifices,  form¬ 
ing  rollers,  and  dies,  resulting  in  a  completed  con¬ 
toured  spar  lay-up  in  an  uncured  state.  Fabrication 
of  the  spar  using  directed  oriented  glass  fiber  epoxy 
impregnated  tapes  and  woven  glass  fiber  epoxy  impreg¬ 
nated  tapes  pre-slit  to  various  width  requirements 
would  require  machine  setup  time.  The  setup  would 
consist  of  installing  the  tapes  in  the  pull-trusion 
machine  on  reels.  The  tapes  are  to  be  strung  through 
feeders,  forming  rollers,  and  dies,  respectively,  in 
ply  widths  and  glass  fiber  orientation  that  comply 
with  the  buildup  sequence  for  the  monolithic  spar. 

An  extruded  pressure  diaphragm  of  continuous  length 
can  serve  as  the  spar  mandrel  to  which  the  pre-preg 


19 


tapes  would  be  formed  and  attached.  The  fabrication 
of  the  spar  can  be  a  continuous  operation  limited 
only  by  the  maximum  length  of  the  tape,  which  is  800 
feet  at  the  present  time. 

The  lay-up  process  would  begin  on  forming  the  inner 
spar  plies  to  the  pressure  diaphragm;  this  would  be 
accomplished  by  pulling  the  diaphragm  and  plies 
through  respective  forming  rollers  and  dies.  On 
reaching  Sta.  2,  the  2nd  spar  plies  would  be  adjoined 
as  the  buildup  passes  through  the  forming  rollers  and 
dies  of  Sta.  2.  As  the  buildup  proceeds  through  the 
machine,  the  remaining  plies  would  be  fixed  to  the 
buildup  according  to  their  respective  positions  in 
the  layup.  If  forming  and  tacking  the  plies  toge¬ 
ther  becomes  necessary,  heat  could  be  applied  during 
the  forming  of  the  tapes.  Precise  control  of  the 
tape  tensioning  would  be  built  into  the  reels  so 
that  all  of  the  individual  tapes  could  be  accurately 
set  and  adjusted  as  required.  A  pneumatic  recipro¬ 
cating  drive  mechanism  would  be  used  to  pull  tapes 
at  a  uniform  rate  through  all  rollers  and  forming 
dies  of  the  "pull- trusion"  machine.  Prestressing 
of  the  fibers  and  controlled  travel  rate  through 
forming  dies  would  ensure  uniform  tensile  stressing 
of  the  fibers  as  they  progress  through  the  machine. 

A  clamp  device  attached  to  the  drive  mechanism  would 
lock  around  and  grip  the  spar  buildup  on  leaving  the 
last  forming  rollers  and  die  of  the  outermost  ply. 

On  energizing  the  drive  mechanism,  tne  spar  buildup 
would  be  pulled  out  of  the  machine  to  preset  stops, 
where  the  spar  laminate  would  then  be  cut  from  the 
"pull-trusion"  machine  and  dropped  into  a  receiving 
storage  bin  with  protective  wrappings  to  await  final 
assembly  and  cure.  These  operations  would  be  fully 
automatic.  On  completion  of  the  above  spar,  the 
drive  mechanism  would  then  return  to  its  starting 
point  and  repeat  the  above  cycle. 

The  hub  and  transition  pad,  a  rectangular  block  con¬ 
toured  to  spar  geometry  on  the  inside  and  tapered  on 
the  ends,  would  be  split  along  the  spanwise  spar  axis 
into  symmetrical  and  interchangeable  segments.  The 
segments  would  be  composed  of  epoxy  pre-preg  woven 
glass  fiber  cloth  and  chopped  fibers  approximately 
1/2  inch  long.  The  pre-preg  plies  and  chopped  fiber 
charge,  with  close  control  on  ply  sizes  and  weight 
of  charge,  would  be  assembled,  preheated,  preset, 
and  cured  to  an  advanced  "B"  stage  in  a  modified 
compression  mold.  On  completion  of  cure,  the  pad 


would  be  removed  from  the  mold  and  stored  to  await 
final  assembly  and  cure  with  the  spar. 

3.  The  inboard  ribs  are  designed  with  a  split  along  the 
spanwise  axis  making  upper  and  lower  segments  which 
are  symmetrical  and  interchangeable  for  assembly  to 
the  spar.  The  rib  would  be  fabricated  of  preimpreg- 
nated  epoxy  chopped  glass  fibers  1/2  inch  long.  The 
chopped  fiber  charge  would  be  preheated  in  a  modi¬ 
fied  compression  mold,  pressed  to  final  dimension, 
and  partially  cured  to  an  advanced  "B"  stage  only. 

At  the  end  of  this  cure,  the  rib  would  be  removed 
from  the  mold  and  stored  to  await  final  assembly 

and  cure  with  the  spar. 

4.  The  inner  races  for  the  elastomeric  support  are  de¬ 
signed  with  a  split  along  the  spanwise  axis  making 
upper  and  lower  segments  which  are  symmetrical  and 
interchangeable  when  assembled  to  the  spar.  The 
races  would  be  composed  of  glass  fibers  with  impreg¬ 
nated  epoxy.  These  parts  would  be  fabricated  using 
a  process  similar  to  that  for  the  inboard  ribs. 


Final  Assembly  and  Cure  of  Spar 


The  spar  assembly  fixture  would  be  a  female  mold  precisely 
machined  to  the  spar's  outer  dimensions,  containing  cavities 
for  the  hub  and  transition  pad,  the  inboard  ribs,  and  the  sup¬ 
port  races.  The  spar  mold  would  contain  its  own  heating 
source  and  cooling  facilities.  On  cleaning  and  waxing  the 
mold,  the  lower  segments  of  the  hub  and  transition  pad,  the 
inboard  ribs,  and  the  elastomeric  inner  races  would  be  located 
in  their  respective  spar  mold  cavities.  All  faying  surfaces 
of  the  component  parts  to  spar  bond  would  be  solvent  wiped, 
and  a  ply  of  a  film  adhesive  (250°F  cure)  then  positioned  on 
the  cleaned  surfaces.  The  spar  would  be  positioned  in  the 
assembly  mold  and  attached  to  component  parts,  inboard  ribs, 
hub-transit  ion  pads,  and  inner  elastomeric  bearing  races.  On 
completion  of  assembly,  the  diaphragm  would  be  connected  to 
the  air  supply  and  the  mold  then  closed  and  locked.  The  spar 
assembly  would  be  cured  by  energizing  the  self-contained  heat 
elements  and  the  internal  spar  pressure  diaphragm  for  the  pre¬ 
scribed  cycle.  On  completion  of  cure,  the  heating  elements 
would  be  turned  off,  and  the  mold  then  cooled  with  an  integral 
water  system  until  spar  temperature  is  below  150OF.  Self- 
contained  heating  elements  and  cooling  colls  could  cut  the 
time  of  cure  50%.  On  reaching  150OF,  the  spar  assembly  would 
be  removed  from  the  mold.  Visual,  radiographical,  and  destruc¬ 
tive  testing  of  samples  would  then  be  performed  to  assure  qual¬ 
ity  performance. 
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Circumferential  Filament  W 1  nd i n g .  Spar,  Transition  Zones 


The  assembly  is  designed  with  filament  winding  in  the  hub 
transition  area,  Sta.  2.25  to  Sta.  6.375,  with  eight  wraps  of 
901  glass  fiber  yarn,  with  a  layer  of  *120  fiber  glass  between 
successive  layers.  During  the  winding  process,  the  filaments 
and  fiber  glass  are  to  be  coated  with  a  room-temperature-cur- 
ing  epoxy  laminating  resin.  On  completion  of  cure,  the  spar 
would  be  stored  for  final  assembly  bond  to  the  airfoil  and 
cuff  sections. 


THE  AIRFOIL  SUBASSEMBLIES 


The  airfoil  subassemblies  are  designed  in  halves  representing 
either  the  upper  or  lower  portion  of  the  symmetrical  blade  as 
divided  by  the  chord  plane.  These  consist  of  the  airfoil 
shell  with  facings  of  fiberglass,  a  carved  aluminum  honeycomb 
core  and  trailing  edge  spline,  the  pitch  horn  cuff  assembly, 
and  the  leading  edge  cap.  Fabrication  of  these  assemblies 
would  follow  standard  aircraft  production  procedures  for  dy¬ 
namic  structure,  utilizing  an  autoclave  cure  to  bond  subas¬ 
semblies. 

The  pitch  horn  cuff  assembly  would  be  composed  of  two  parts: 
the  outer  pitch  horn  cuff  and  the  internal  reinforcing  cuff 
structure.  Each  half  of  the  cuff  assembly  representing  either 
the  upper  or  lower  portion  would  be  a  glass  laminate  made  up 
of  an  epoxy  pre-preg  of  directed  glass  fibers  and  woven  glass 
fabric.  All  plies  would  be  template  or  steel  rule  die  cu+  Lo 
close  tolerances.  The  cuff  plies  would  then  be  fabricated 
into  a  laminate  using  a  female  assembly  fixture  for  lay-up 
and  final  cure  according  to  a  detailed  sequence  ply  buildup 
chart.  The  cuff  halves  could  be  fully  cured  using  a  pressure 
bag  molding  process  to  apply  uniform  fluid  pressure. 

The  cuff  grid,  which  reinforces  the  cuff  in  the  area  of  the 
elastomeric  support  is  designed  to  be  made  up  of  chopped  glass 
fibers,  epoxy  resin  impregnated.  A  pre-weighted  charge  of  the 
pre-preg  fibers  would  be  distributed  uniformly  in  a  modified 
compression  mold  and  compressed.  The  laminate  would  then  be 
pre-heated,  press  set,  and  partially  cured.  After  the  lami¬ 
nate  is  removed  from  the  mold,  and  reaches  room  temperature, 
it  would  then  be  stored  to  await  final  assembly  and  cure  with 
the  cuff  and  airfoil  components. 

Prior  to  expansion  of  the  honeycomb  core,  the  "hobe"  would  be 
contoured  to  final  dimensions  with  an  allowance  for  the  shrink¬ 
age  of  the  core  in  the  chordwise  direction.  On  completion  of 
contouring,  the  hobe  is  expanded  and  trimmed  to  overall  length. 
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Using  a  location  template,  the  core  is  then  cut  for  the  in¬ 
board  rib.  On  completion  of  the  machining  operation,  the 
core  would  be  inspected,  degreased,  packaged,  and  stored  for 
final  assembly. 

The  airfoil  details  are  then  to  be  placed  in  a  caul  assembly 
mold.  The  woven  glass  fabric  pre-preg  epoxy  skin  material 
would  be  die  cut  to  size  for  skin  and  spline  plies  using  a 
template  and  a  lay-up  sequence  chart.  The  first  operation 
would  be  to  locate  and  lock  the  pitch  horn  cuff  into  the  mold 
and  remove  the  nylon  peel  ply  on  the  faying  surfaces  of  the 
cuff.  The  skin  plies  "B"  stage  material  are  then  to  be  posi¬ 
tioned  in  the  assembly  caul  according  to  the  sequence  chart. 
The  inner  skin  ply,  adjoining  the  core,  would  be  a  pre-preg 
adhesive  ply.  At  the  inboard  end  of  the  airfoil,  the  skin  and 
doubler  plies  would  extend  to  the  inboard  inner  edge  of  the 
cuff.  The  cuff  grid  assembly  would  be  positioned  in  the  cuff 
and  over  the  pre-preg  plies.  The  core  centers  on  the  spar 
spanwise  axis,  butting  the  cuff  grid  with  one  layer  of  foam 
adhesive  between  the  grid  and  the  core.  The  spline  pre-preg 
plies  would  be  locked  to  the  caul  assembly  fixture.  A  pre¬ 
cured  formed  epoxy  glass  fiber  laminated  inner  torsional  skin 
wall,  would  be  positioned  on  the  core,  centered  on  t he  spar 
spanwise  axis  and  adjoining  the  cuff  grid  inboard  end,  with 
one  ply  of  foam  adhesive  between  the  core  and  the  skin.  This 
would  complete  the  lay-up  of  the  airfoil  subassembly.  Cure 
would  then  be  performed  in  an  autoclave  at  250°F  for  1  hour 
at  25  psi. 

On  completion  of  cure,  the  assembly  would  be  cooled  to  room 
temperature  and  machined  flat  on  the  chordplane  to  final  di¬ 
mensions.  Surfaces  to  be  machined  are  the  core,  spline,  and 
pitch  horn  cuff.  At  completion  of  the  machining  operation, 
the  airfoil  would  be  removed  from  the  fixture,  matched  to  its 
opposite  half,  and  inspected  and  stored  for  final  assembly  to 
the  tail  rotor  blade. 

The  leading  edge  cap  design  is  made  up  of  an  erosion  boot 
bonded  to  a  structural  woven  glass  fiber  laminate  with  an  in¬ 
tegrally  bonded  steel  ballast  weight.  The  fiberglass  portion 
of  the  leading  edge  cap  would  consist  of  an  epoxy  pre-preg  di¬ 
rected  glass  fiber  and  a  woven  glass  fiber  fabric  which  would 
be  template  or  steel  rule  die  cut  to  close  tolerances.  To 
prepare  the  steel  leading  edge  ballast  weight  it  would  be  de¬ 
greased,  vapor  blasted,  primed,  and  wrapped  with  one  layer  of 
film  adhesive. 

The  assembly  of  the  leading  edge  cap  would  consist  of  lay-up 
of  the  cut  pre-preg  plies  on  a  male  assembly  mandrel  with  the 
ballast  weight  positioned  according  to  a  detailed  sequence 


buildup  chart.  Positioning  the  erosion  boot  on  the  buildup 
would  complete  the  lay-up  of  the  leading  edge  cap  assembly. 

The  lay-up  would  then  be  transferred  to  a  female  mold,  with 
pressure  bag  and  caul  plate,  for  final  cure.  The  cure  cycle 
of  the  structure  would  be  350°F  for  1  hour  at  70-psi  uniform 
fluid  pressure. 

A  fiberglass  U-shaped  channel  would  fit  over  the  leading  edge 
and  trailing  edge  of  the  cuff  to  tie  the  cuff  halves  together. 
The  channels  would  consist  of  woven  glass  fiber  fabric  epoxy 
impregnated  plies,  steel  rule  die  cut  to  shape. 

The  assembly  of  the  cuff  channels  would  consist  of  positioning 
the  cut  pre-preg  plies  on  a  male  assembly  mandrel  according 
to  a  detailed  sequence  buildup  chart.  On  completion  of  the 
lay-up,  the  assembly  would  be  transfered  to  a  female  mold, 
with  a  caul  plate  and  pressure  bag  arrangement,  for  final  cure. 
The  cure  of  the  structures  would  be  at  350°F  for  1  hour  at  70- 
psi  uniform  fluid  pressure. 


ROTOR  ASSEMBLY 


The  rotor  assembly  would  consist  of  bonding  the  airfoil  cuff 
subassemblies  together  and  to  the  spar  in  a  caul  assembly  fix¬ 
ture,  vacuum  bagging  the  fixture  and  caul,  and  curing  in  an 
autoclave  with  hot  air  at  pressures  of  25-30  psi.  On  comple¬ 
tion  of  the  assembly  bond,  the  leading  edge  caps  and  the  cuff 
leading  and  trailing  edge  channels  would  be  bonded  to  the  as¬ 
sembly,  utilizing  a  bonding  fixture  to  apply  localized  uniform 
pressure  and  heat  to  the  faying  surface  to  be  bonded  Inter- 
mediate-temperature-curing  film-type  epoxy  adhesive  is  planned 
for  all  of  the  assembly  bonds. 

An  intermediate-temperature-curing  epoxy  pre-preg  of  glass 
fiber  woven  fabric  of  minimum  thickness,  and  epoxy  adhesive 
foam  and  film  material  system  of  low  density,  would  be  used 
for  all  assembly  bonds  of  the  rotor  blade.  All  pre-preg  and 
film  adhesive  used  for  the  final  assembly  bond  would  be  tem¬ 
plate  cut  according  to  a  cutting-order  chart  for  pre-preg  and 
adhesive  plies. 

The  faying  fiberglass  surfaces  of  the  cuff  airfoil  subassem¬ 
blies  would  be  lightly  abraded  with  ¥180  grit  abrasive  paper 
and  solvent  wiped  prior  to  assembly  lay-up.  Peel  plies,  pro¬ 
tecting  the  faying  surfaces,  of  spar  and  inboard  rib  would 
also  be  removed. 
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The  cleaned  airfoil  cuff  assemblies  would  be  located  in  the 
assembly  caul  fixture  and  locked  in  place.  One  layer  of  ad¬ 
hesive  and  a  pre-preg  ply  are  to  be  positioned  in  the  spar 
cavity  of  the  subassemblies.  A  full  ply  of  film  adhesive  and 
a  pre-preg  ply  of  glass  fabric  would  be  positioned  on  the  fay¬ 
ing  surfaces  of  the  assembly,  followed  by  the  spar  assembly, 
which  would  then  be  locked  in  place.  The  inner  steel  caps, 
with  a  ply  of  film  adhesive  on  faying  surface  are  then  to  be 
positioned  on  the  pitch  horn  cuff  assembly.  The  assembly 
buildup  would  be  covered  with  a  full  layer  of  film  adhesive, 
the  upper  airfoil  cuff  subassemblies  would  be  positioned  on 
the  buildup  and  locked  in  place  with  caul  cover  plates.  The 
assembly  is  then  to  be  vacuum  bagged  and  cured  in  an  autoclave. 
On  completion  of  cure,  the  rotor  assembly  would  be  removed 
from  the  mold;  cleaned  and  inspected  for  integrity  of  bond, 
contour,  and  dimensions. 

In  preparation  for  bonding  leading  edge  caps  and  cuff  channels, 
peel  plies  are  to  be  stripped  from  faying  surfaces,  airfoil 
leading  edges,  and  cuff  leading  and  trailing  edges.  One  ply 
of  film  adhesive  would  be  positioned  on  the  faying  surface  of 
the  airfoil  and  cuff.  The  cuff  channels  and  leading  erosion 
caps  are  to  be  located  on  the  buildup  and  heat  tacked  in  place 
if  necessary.  The  rotor  assembly  would  then  be  positioned  in 
the  leading  edge  and  cuff  curing  fixture  and  heat  and  pressure 
applied  to  the  laminate.  The  cure  cycle  for  this  bond  would 
be  approximately  160°F  for  2  hours  at  50  psi.  On  completion 
of  cure,  the  assembly  would  be  removed  from  the  bonding  fix¬ 
ture;  cleaned  and  inspected  for  bond  quality,  contour,  and 
dimensions . 

The  external  steel  pitch  horn  caps  are  then  to  be  bonded  to 
the  assembly  using  a  low-temperature-curing  epoxy  adhesive. 

On  completion  of  cure,  the  pitch  horn  is  to  be  reinforced 
with  5  circumferential  layers  of  filament  winding  with  a  layer 
of  #120  glass  fiber  cloth  between  each  winding,  which  v.ould  be 
wound  on  the  pitch  horn,  making  a  1-inch-wide  ring  adjoining 
the  outer  edge  of  the  steel  cap.  The  filaments  and  woven  fa¬ 
bric  would  be  impregnated  with  a  low-temperature  curing  epoxy 
system . 

The  tip  cap  would  be  a  glass  fiber  fabric  epoxy  pre-preg,  which 
would  be  compression  molded  to  finished  dimensions.  The  cap 
would  contain  an  erosion  protective  boot  for  the  leading  edge. 
The  tip  cap  would  be  bonded  to  the  blade,  utilizing  a  fixture 
that  would  apply  heat  and  uniform  pressure  to  the  faying  sur¬ 
faces  to  cure  an  epoxy  film  adhesive  at  a  temperature  of  ap¬ 
proximately  150OF. 
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INVESTIGATION  OF  TAIL  ROTOi*  MECHANICAL  OSCILLATIONS 


An  analysis  has  been  conducted  to  determine  the  suitability 
of  operating  the  glass  reinforced  tail  rotor  blade  on  the 
UH-1D  aircraft  tail  rotor  pylon.  This  analysis,  based  on  the 
concepts  of  Reference  5,  investigated  the  nature  of  the  mech¬ 
anical  oscillations  resulting  from  self-excited  vibrations, 
self-excited  whirling,  and  steady  force  resonance. 

THEORY 


The  equations  of  motion  for  a  two-bladed  rotor  on  a  spring- 
supported,  horizontal  axis  can  be  derived  with  respect  to  a 
coordinate  system  which  is  fixed  in  space.  With  the  assump¬ 
tion  that  the  rotor  blades  possess  an  effective  lag  hinge, 
the  coordinates  of  a  mass  particle  on  the  blade  axis  can  be 
determined  for  each  blade  from  Figure  4.  Thus,  for  blade  i, 


xi  =  x  -  (-l^Ie  cos  ip  +  (r-e)cos(t|j  +  q)] 

Y i  =  y  —  (— 1 ) 1  le  sin  ip  +  (r-e)sin(^  +  q)],  i  =  1,2 

The  kinetic  energy  of  blade  i  is  given  by 


(1) 


=  1/ <*i2  ♦  ^ 


)dm. 


Hence,  for  constant  rotor  speed. 


Ti  ~  2mb Ix2+y2+e2^2+2  (-1)  *  (xeQ  sin  ip  -  yeQ  cos  ip)] 
+  Sb(efl(fl+q)cos  q  +  (-1) 1  [x  (fl+q )  sin  (^+c±) 

-  y(n+q)costy+q)]}+  |lb(fi+q)2 


* 
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The  kinetic  energy  of  the  pylon  is 

Tp  =  i(mxx2+myy2)  (3) 

The  potential  energy  of  the  blades  and  of  the  pylon  can  be 
expressed  as 


u . 

1 


u 

p 


rK-t  •  2 
2  b^i 

12  2 
±(K  x  +K  y  ) 
2  x  vJ 


(4) 


The  energy  dissipation,  or  damping,  of  the  blades  and  of  the 
pylon  is  given  by 


F. 

l 


5Vi 


2 


1  •  2  •  o 

i  (Dxx2+Dyy2) 


(5) 


The  total  kinetic,  potential,  and  dissipation  energies  of  the 
system  composed  of  tail  rotor  and  pylon  are  the  sum  of  the 
energies  of  the  components.  Thus, 


T 

U 

F 


T.  +  T_  +  T 

1  2  p 


IL  +  U„  +  U 

1  2  p 


F.  +  F„  +  F 

1  2  p 


(6) 


The  generalized  Lagrangian  form  of  the  equations  of  motion  is 


a- (5?) 

dt  9q 


3T  +  3U  +  9F 
3q  3q  9q 


Fq(t) 
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where  q  is  the  generalized  coordinate  of  interest  and  Fq(t) 
is  the  externally  applied  forcing  function. 

I 

FX(t)  =  Fy(t)  =  0 

F  (t)  =  (-1)  ^S^OS  (i^+;i) 

S  ^ 


Substituting  the  energy  and  forcing  expressions  into  the  La- 
grangian  form,  linearizing,  and  assuming  small  angular  blade 
motions  result  in  the  following  equations  of  motion: 

for  the  pylon, 

••  **  *  2 
M^x  +  D^x  +  K^x  +  C sin  ip  -  2Qc ^  cos  \p  +  sin  \p 

2 

+  c2  sin  \p  +  2ftc2  cos  ^  “  C2^  Sln  ^  =  0 

(8) 

•  •  ••  a 

Myy  +  Dyy  +  Kyy  +  Sb(^1  cos  ip  -  28^  sin  ip  -  C-jft  cos  * 

•  2 

-  ^  cos  V  +  2ftc2  sin  ^  +  C2^  cos  ^  =  0 


and  for  the  blades, 


Vl  +  Vx  +  Kbcl  +  Sb(-X  sin  ^  +  y  cos  \p  +  efi2;1) 


-  -  gSb(cos  ip  -  C-^  sin 


Xb^2  +  °b^2  +  KbC2  +  Sb(x  sin  ^  ~  y  cos  *  +  efi2c2) 


(9) 


\ 


=  gS,  (cos  if>  -  Co  sin  ij>) 


I 

? 


i 


29 


Some  simpllf icatinn  can  be  obtained  by  combining  the  blade 
motions.  Let 


e 


1 


(10) 


Then,  summing  the  equations  for  blade  motion  results  in 


Ib6o  +  Db9o  +  Ib“b2  6o  =  gSb9l  2in  *  (11) 

and  taking  the  difference  between  the  equations  for  blade 
motion  gives 


Vi  +  Dbei + 


+  2Sb  (y  cos  \p 

=  9sb0o  Rin  'P  ~ 


-  x  sin  4i) 
2gSb  cos  \p 


(12) 


where, 


Kb  +  eSb!l 


The  equations  of  pylon  motion  then  become 

Mxx  +  Dxx  +  Kxx  +  Sb(-61  sin  \p  -  2 cos  \p 

2 

+  n  6-^  sin  = 

MyY  +  D^y  +  K^y  +  cos  ip  -  2ttd ^  sin  \p 


0 


(13) 


-  ft26^  cos  ip)  =  0 

It  is  noteworthy  that  the  ff0 -  equation,  which  describes  in- 
phase  motion  of  the  blades  (i.e.,  motions  in  the  same  rota¬ 
tional  direction),  is  very  nearly  decoupled  from  the  three  re¬ 
maining  equations.  Coupling  occurs  only  with  the  0,  -  equa¬ 
tion,  which  describes  out-of-phase  motion  of  the  blades  (i.e., 
motions  in  opposite  rotational  directions);  this  is  a  result 
of  the  steady  force  (gravity)  excitation.  The  set  of  linear 
equations  with  periodic  coefficients  was  solved  on  an  Elec¬ 
tronics  Associates  model  231R  analog  computer.  The  analog 
computer  patchboard  schematic  is  shown  in  Figure  5.  In  order 
to  scale  the  problem  it  was  necessary  to  expand  the  time  scale 
such  that  Vl05  seconds  of  computer  time  corresponded  to  one 
second  of  real  time.  The  scale  factors  used  for  the  analog 
variables  are  given  in  Table  IV. 
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TABLE  IV.  ANALOG  COMPUTER  SCALE  FACTORS 
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CHECKS  ON  THE  VALIDITY  OF  THE  MATHEMATICAL  MODEL 


Fundamental  vertical  and  longitudinal  natural  frequencies  at 
the  tail  rotor  gearbox  output  shaft  were  obtained  experimen¬ 
tally  during  run-up  of  a  UH-1D  and  by  impact  tests.  The  ef¬ 
fective  mass  in  each  direction  was  estimated.  For  conserva¬ 
tism,  the  effective  mass  longitudinally  was  assumed  to  be 
only  the  tail  rotor  and  its  gearbox.  In  the  vertical  direc¬ 
tion,  the  structural  portion  of  the  tail  rotor  pylon  was  as¬ 
sumed  to  contribute  to  the  effective  mass.  In  order  to  es¬ 
tablish  the  validity  of  both  the  equations  of  motion  and  the 
dynamic  characteristics  of  the  UH-1D  tail  rotor  mount,  the 
initial  analog  solutions  were  obtained  for  the  standard  UH-1D 
tail  rotor.  The  blade  mass  and  stiffness  characteristics  for 
this  rotor  were  obtained  from  Reference  6.  These  were  used 
to  calculate  the  blade  fundamental  in-plane  mode  shape  and 
bending  frequency  as  a  function  of  rotor  speed  and  for  rigidly 
mounted  axle,  as  shown  in  Figures  6  and  7.  The  numerical  val¬ 
ues  of  the  parameters  used  to  represent  the  UH-1D  in  this 
mathematical  model  are  given  in  Table  V. 

Solutions  were  obtained  for  several  discrete  rotor  speeds  iu 
the  run-up  to  operating  range.  The  amplitudes  of  the  pylon 
motion  at  the  tail  rotor  gearbox  could  not  be  correlated  be¬ 
cause  the  influence  of  the  main  rotor  on  the  experimentally 
determined  gearbox  motion  lead  to  considerably  higher  ampli¬ 
tude  motions  than  the  tail  rotor  alone  would  have  generated. 
However,  correlation  of  the  vertical  and  horizontal  frequen¬ 
cies  of  the  pylon  motion  at  the  tail  rotor  gearbox  with  those 
obtained  experimentally  was  excellent.  The  equations  of  mo¬ 
tion  and  numerical  values  of  the  paiaraeters  used  were  thus 
considered  to  be  representative  rf  the  UH-1D  tail  rotor  mount. 

It  should  be  noted  that  both  tht  bi^de  and  the  tail  rotor  py¬ 
lon  motions  computed  for  the  UH-’D  configuration,  with  gravity 
excitation,  were  very  small  and  indicated  lack  of  either  res¬ 
onant  or  self-excited  conditions.  The  in-phase  motion  of  the 
blades  was  negligible.  The  out-of-phase  motion  of  the  blades 
occurred  fundmaentally  at  one-per-rev  frequency,  with  evi¬ 
dence  of  some  two-per-rev  included  when  the  rotor  speed  was 
in  the  operating  range.  The  blade  motion  amplitude  did  not 
exceed  .01  degree  throughout  the  speed  range  considered.  The 
pylon  vertical  motion  consisted  of  oscillations  at  the  pylon 
fundamental  vertical  frequency  of  8^  cps,  upon  which  were  im¬ 
pressed  two-per-rev  oscillations  due  to  the  tail  rotor.  The 
pylon  longitudinal  motion  consisted  of  two-per-rev  oscilla¬ 
tions,  upon  which  were  impressed  the  pylon  fundamental  longi¬ 
tudinal  frequency  of  160  cps.  The  pylon  motions  were  extreme¬ 
ly  small  in  both  the  vertical  and  longitudinal  directions. 

The  longitudinal  motion  was  essentially  nonexistent  until  the 
rotor  speed  was  in  the  operating  range  (Nr  >  85%);  this  is 
corroborated  by  the  experimental  evidence. 


Radius,  inches 


First  In-Plane  Bending  Mode 
Shape  of  UH-1D  Tai’  Rotor  Blade 
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As  a  further  check  on  the  equations  of  motion,  solutions  were 
obtained  for  the  reinforced  plastic  tail  rotor  as  mounted  on 
the  tail  rotor  whirl  test  stand.  The  blade's  fundamental  in¬ 
plane  mode  shape  and  bending  frequency,  as  a  function  of  ro¬ 
tor  speed  and  for  rigidly  mounted  axle,  are  shown  in  Figures 
8  and  9.  The  natural  frequency  of  the  whirl  rig  stand  was 
determined  by  impact  test  for  various  simulated  rotor  weights. 
Thus,  the  frequencies  and  effective  masses  in  both  the  longi¬ 
tudinal  and  vertical  directions  were  readily  determined.  In 
this  respect,  the  test  rig  was  found  to  be  essentially  iso¬ 
tropic,  having,  within  the  accuracy  of  experimental  error, 
the  same  frequency  and  effective  mass  in  the  longitudinal  and 
vertical  directions.  The  numerical  values  of  the  parameters 
used  to  represent  the  whirl  rig  and  glass  reinforced  plastic 
tail  rotor  in  this  mathematical  model  are  given  in  Table  V. 

Solutions  were  obtained  for  several  discrete  rotor  speeds  in 
the  run-up  to  overspeed  range.  The  vibratory  in-plane  deflec¬ 
tions  of  the  rotor  blades,  as  a  function  of  rotor  speed,  are 
shown  in  Figure  10.  Although  the  magnitude  of  the  bending 
moment  which  these  deflections  represent  cannot  be  compared 
directly  with  the  vibratory  edgewise  moments  recorded  during 
experimental  rotor  run-up  and  reported  in  Reference  1,  the 
trend  exhibited  by  the  vibratory  deflection  compares  favorably 
with  the  trend  of  the  vibratory  moments.  The  slight  discre¬ 
pancy  in  the  rotor  speed  at  which  the  r>'  ^  steady  force  reson¬ 
ance  occurs  is  probably  attributable  to  -nor  discrepancies 
in  the  blade  and  whirl  rig  frequencies,  used  in  the  mathema¬ 
tical  model,  as  compared  to  the  actual  frequencies.  The  fav¬ 
orable  comparison  of  the  widths  of  the  theoretical  and  exper¬ 
imental  resonant  peaks  indicates  that  the  values  of  structural 
damping  used  in  the  mathematical  model  were  essentially  cor¬ 
rect.  The  in-phase  blade  motion  was  negligible.  The  out-of¬ 
phase  blade  motion  occurred  at  essentially  one-per-rev,  but 
it  was  not  a  well-defined  simple  harmonic  motion  for  rotor 
speeds  below  resonance.  As  would  be  expected  for  the  case  of 
isotropic  supports,  the  whirl  stand  moved  equally  in  the  ver¬ 
tical  and  longitudinal  directions.  The  motions  occurred  at 
two-per-rev  and  remained  small  even  during  the  rotor  reson¬ 
ance.  It  appears  that  the  buildup  in  blade  motion  amplitude, 
which  is  present  as  the  rotor  speed  is  increased  through  the 
operating  range  and  into  the  overspeed  condition,  is  indica¬ 
tive  of  the  approach  of  the  second  steady  force  resonance. 

It  appears  from  these  solutions  that  the  mathematical  repre¬ 
sentation  of  the  glass  reinforced  plastic  tail  rotor  was  suf¬ 
ficiently  accurate  to  lend  credence  to  similar  calculations 
in  which  the  tail  rotor  was  mounted  on  the  UH-1D  tail  rotor 
pylon. 
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Relative  Deflection 


Figure  8.  First  In- Plane  Bending  Mode  Shape  of 

Glass  Reinforced  Plastic  Tail  Rotor  Blade. 
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Frequency,  red/sec 


Motion  Amplitude,  ±  deg 


RESULTS  OF  GLASS  REINFORCED  PLASTIC  TAIL  ROTOR  ON  UH-1D  PYLON 


The  numerical  values  of  the  parameters  used  to  represent  the 
glass  reinforced  plastic  tail  rotor  mounted  on  the  UH-1D  tail 
rotor  pylon  are  given  in  Table  V.  Solutions  were  obtained 
for  several  discrete  rotor  speeds  in  the  run-up  to  overspeed 
range.  The  vibratory  in-plane  deflections  of  the  rotor 
blades,  as  a  function  of  rotor  speed,  are  shown  in  Figure  11. 
These  results  indicate  the  occurrence  of  a  steady  force  res¬ 
onance  at  a  somewhat  higher  rotor  speed  than  was  present  on 
the  whirl  test  rig.  It  is  noteworthy,  however,  that  the  res¬ 
onance  occurs  at  a  rotor  speed  well  below  the  operating  range 
of  the  tail  rotor.  Further,  the  peak  amplitude  of  motion  is 
only  approximately  13%  greater  than  that  encountered  on  the 
whirl  test  rig.  This  indicates  that  the  bending  moments  en¬ 
countered  in  going  through  resonance  during  run-up  and  shut¬ 
down  will  not  affect  rotor  life.  The  in-phase  blade  motion 
was  negligible.  The  out-of-phase  motion  was  a  well-defined 
sinusoidal  one-per-rev  for  rotor  speeds  above  the  resonance. 

At  rotor  speeds  below  the  resonance,  the  motion  was  essential¬ 
ly  one-per-rev,  but  it  was  not  a  well-defined  simple  harmonic 
motion.  The  pylon  motions  followed  much  the  same  pattern, 
with  variations  in  rotor  speed,  as  were  computed  using  the 
standard  UH-1D  tail  rotor.  The  pylon  motions  were  somewhat 
larger  as  a  result  of  the  larger  blade  excursions,  but  they 
can  be  considered  to  be  very  small,  less  than  .05  inch,  com¬ 
pared  to  blade  motions.  There  exists  no  evidence  of  impend¬ 
ing  second  steady  force  resonance  even  at  the  overspeed  con¬ 
dition  of  1900  RPM. 

It  is  apparent,  from  the  results  shown  in  Figure  11,  that  the 
glass  reinforced  plastic  tail  rotor  is  free  of  any  tendency 
to  exhibit  self-excited  whirling  or  self-excited  vibrations 
up  to  1900  RPM  when  mounted  on  the  UH-1D  tail  rotor  pylon. 

This  can  be  attributed  to  the  extremely  anisotropic  nature  of 
the  pylon.  The  lack  of  symmetry  leads  to  motions  which  are 
not  conducive  to  self-excited  whirling  during  operation  of 
the  low-stiffness  tail  rotor  on  the  vertically  soft  pylon. 
Operation  of  the  glass  reinforced  plastic  tail  rotor  on  the 
UH-1D  thus  appears  to  be  entirely  feasible  from  the  standpoint 
of  self-excited  vibrations,  self-excited  whirling,  and  steady 
force  resonance. 
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CONCLUSIONS 


It  Is  concluded  that: 

1.  The  glass  fiber  reinforced  plastic  tail  rotor  will 
encounter  vibratory  loads  in  forward  flight  that  are 
within  the  capability  of  spar  strength,  and  the  ro¬ 
tor  will  therefore  have  a  high  fatigue  life. 

2.  The  tail  rotor  developed  during  this  program  has 
been  successfully  whirled  at  full  pitch  and  subse¬ 
quently  to  overspeed  and  has  therefore  passed  many 
of  the  more  rigorous  requirements  of  operational 
rotors. 

3.  The  dynamics  of  the  rotor  when  mounted  on  a  UH-1D 
helicopter  tail  boom  will  not  adversely  affect  oper¬ 
ations. 

4.  Production  of  the  critical  element  of  the  rotor  can 
be  readily  automated  by  a  unique  "Pull-Trusion"  me¬ 
thod  which  will  yield  high-quality  low-cost  spars. 
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RECOMMENDATIONS 


Since  it  has  been  concluded  that  the  rotor  developed  during 
this  program  has  met  many  of  the  substantiation  requirements 
of  operational  rotors,  it  is  recommended  that  this  concept  be 
carried  to  an  advanced  development  stage,  where  its  full  po¬ 
tential  as  a  flightworthy  article  can  be  examined. 
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